Abstract Spermatogenesis in the mussel Perna viridis was studied by electron microscopy. Results demonstrated that cytological development in spermatogonia and spermatocytes was similar to that previously described in other Mytilidae. Acrosome formation began with the arising of proacrosomal vesicles in spermatogonia. The abundance of proacrosomal vesicles increased in spermatocytes, which were flagellated. However, during spermiogenesis, dual patterns of acrosome development as well as flagellum development could be found among spermatids in a male gonad. The two lines of acrosome formation in spermatids ultimately gave rise to morphologically similar acrosomes. The two lines of flagellum development in spermatids resulted in the formation of sperm cells with either a typically posteriorly directed tail or an anteriorly directed tail.
Introduction
Spermatogenesis and sperm structure have been reported for the Mytilidae (Longo and Dornfeld 1967; Hodgson and Bernard 1986 a,b; Reunov and Drozdov 1987; Reunov and Hodgson 1994) . The results of previous studies showed that the Mytilidae possess "primitive" spermatozoa (Franzen 1956 ) which are typically found in invertebrates with external fertilization. In some mytilids such as Mytilus edulis, M. galloprovincialis (Hodgson and Bernard 1986 a,b) , M. coruscus (Reunov and Drozdov 1987) , Perna perna (Bernard and Hodgson 1985) , and Brachidontes semistriatus , the spermatozoa possess an elongated acrosome with an internal actin axial rod, and the axial rod projects anteriorly to the egg chorion during the acrosomal reaction (Niijima and Dan 1965; Tilney et al. 1987) . In other mytilids, such as Adula falcatoides, Modiolus kurillensis, Septifer keenae Reunov and Drozdov 1986) , Aulacomya ater, Choromytilus meridionalis (Hodgson and Bernard 1986 b) , and Arcuatula capensis , the spermatozoa possess a cup-form acrosome without an actin axial rod, and only a short filament projects during the acrosomal reaction (Reunov and Drozdov 1992) .
Spermatogenesis among the various mytilid species studied was basically similar (Reunov and Drozdov 1987; Reunov and Hodgson 1994) . In Mytilidae, as well as in Arcidae and Veneridae, pre-spermiogenic cells (spermatogonia and spermatocytes) possess a single flagellum; and acrosome formation begins with the formation of proacrosomal vesicles from Golgi bodies in spermatogonia and spermatocytes. In early spermatids, the proacrosomal vesicles aggregate to form a single acrosomal vesicle near the presumptive posterior of the cell. In late spermatids, the acrosomal vesicle migrates to the presumptive anterior of the spermatozoon where it undergoes further maturation.
Only a single pattern of cell differentiation has been reported in spermatogenesis of mytilids. In our preliminary TEM study, we have revealed some unusual cytological features during acrosome and tail development in spermatids of the mytilid Perna viridis L. The greenlipped mussel, P. viridis, is a dominant species in the intertidal zone in the Indo-Pacific and Caribbean (Agard et al. 1992) . This species appears to occupy a similar ecological niche and habitat as Mytilus edulis in the temperate region. The population structure and dynamics of P. viridis (Huang et al. 1985; Cheung 1993a) , its physiological ecology (Cheung 1993b) , growth and reproduction (Lee 1986; Cheung 1991) have been well studied. Spermatogenesis of P. viridis, however, remains poorly known. The aim of this paper is to document the ultra-structural changes during spermatogenesis of P. viridis, with special attention to acrosome and tail development in spermatids.
Materials and methods
Green-lipped mussels, Perna viridis, were collected from the intertidal zone of Yim Tin Tsai, Hong Kong, during April-May 1997.
Scanning electron microscopy
Sperm suspension was prepared by crushing pieces of male gonad in filtered seawater. The suspension was centrifugated at 400 g for 4 min and sperms in the supernatant were pipetted onto a Thermanox coverslip (pre-coated with 0.1 mg poly-L-lysine/kg) and allowed to settle for 1 h. Coverslips with attached sperm cells were fixed in 2% glutaraldehyde in 0.1 M cacodylate buffer for 2 h at room temperature, then rinsed several times in buffer and deionized water before being postfixed in 2% aqueous OsO 4 in the dark for 1 h. Samples were then dehydrated in ethanol solutions, acetone and critical-point dried in CO 2 . Dried materials were mounted Fig. 1 Transmission electron micrographs (TEM) of early spermatogenic cells. A Spermatogonium (Sg), and spermatocyte (Sc) with a synaptonemal complex (arrowhead) inside the nucleus (N). B Spermatogonium with a pair of centrioles (arrowheads). C Spermatocyte with a flagellum (F) originated from the distal centriole (DC). M, Mitochondrion; Nu nucleolus; PAV proacrosomal vesicles; PC proximal centriole. Scale bars 1 µm on to aluminum stubs, coated with gold, and examined with a Cambridge 360 scanning electron microscope at 20 kV.
Transmission electron microscopy
Gonads were removed from three male, cut into small pieces and fixed for 2-3 h (in 2.5% glutaraldehyde with 1% tannic acid in 0.1 M cacodylate buffer, pH 7.4, with 0.25 M sucrose) at room temperature. Primary fixed materials were washed gradually in the same buffer containing a decreased concentration of sucrose (0.25 M, 0.125 M, 0.063 M), then to buffer only. Washed samples were postfixed in 2% OsO 4 in the dark for 2 h, then rinsed in buffer and distilled water, dehydrated in a graded series of ethanol solutions, transferred to acetone, and infiltrated gradually in Spurr's resins before embedding. Ultrathin sections were stained in uranyl acetate and lead citrate and examined with a JEOL 100SX transmission electron microscope at 80 kV.
Results

Spermatogenesis
Spermatogonia of Perna viridis were ca. 3-5 µm in diameter; the nucleus (2-3 µm in diam) was filled with patches of electron-dense chromatin and had a prominent nucleolus. A few ovoid mitochondria and several discrete, electron-dense proacrosomal vesicles were scattered in the cytoplasm (Fig. 1A,B) ; a pair of centrioles was situated near the cell membrane (Fig. 1B) .
The diameters of spermatocytes and nuclei were ca. 4-5 and 3-3.5 µm, respectively. Spermatocytes I during zygotene meiotic prophase could be identified by the presence of synaptonemal complexes inside the nucleus (Fig. 1A) . Compared to spermatogonia, spermatocytes contained more proacrosomal vesicles (Fig. 1A) and possessed a single flagellum originating from the distal centriole (Fig. 1C) .
The early spermatid was ca. 3 µm in diameter; the nucleus contained more condensed chromatin. Chromatin condensation accelerated during spermiogenesis and was almost completed in late spermatids. In early spermatids, mitochondria and proacrosomal vesicles concentrated near the centrioles. The small proacrosomal vesicles coalesced ( Fig. 2A ) and developed into a prominent acro- (Fig. 2B) . The acrosomal vesicle contained diffuse substances, with a discrete and electron-dense band along the inner membrane (Fig. 2C) . A mass of electron-dense periacrosomal material located at the presumptive basal region of the acrosomal vesicle (Fig. 2B) where vesicle membrane invagination would take place (Fig. 2C) .
During spermiogenesis, two lines of acrosomal vesicle development were evident. It is typical that the spherical acrosomal vesicle migrated to the presumptive anterior of the spermatid, with the basal invaginated region in contact with the anterior region of the nucleus (Fig. 2D) . The acrosomal vesicle became more homogeneous in texture and continued to invaginate at the base (Fig. 2E) . The acrosome tip elongated symmetrically apically, and the basal region widened slightly (Figs.  2F-H) . Nevertheless, in some cases we also observed invagination of the acrosomal vesicle (Fig. 3A) and elongation of the acrosomal tip (Fig. 3B) near the basal region of the spermatid prior to acrosomal migration. The   Fig. 4 A-E TEM of spermatozoa. A Median longitudinal section of sperm head. B Acrosomal cavity with periacrosomal material (PM) and an axial actin rod (AR). C Higher magnification at the basal part of the spermatozoon shows a nuclear membrane partition (arrow) between the nuclear channel (NC) and midpiece, an axial rod (white arrowhead) inside the nuclear channel; pericentriolar element (black arrowhead) associated with the proximal centriole. D Cross section at distal centriole shows the pericentriolar complex with radial oriented arms (arrowhead). E Cross section at midpiece shows a ring of five mitochondria (asterisk) surrounding an axoneme. F-G Scanning electron micrographs (SEM) of spermatozoa. F Spermatozoon with a typical posteriorly directed tail (T). G Sperm cell with an anteriorly directed tail (T) adjoining to the sperm head. A acrosome; AR axial rod; DC distal centriole; M mitochondrion; N nucleus; PC proximal centriole; T tail. Scale bars in A, F, G =1 µm; B, C, D = 0.5 µm; E = 0.3 µm acrosomal tip continued to elongate upon reaching the anterior of the cell (Fig. 3C) , remained inside the cytoplasm, and appeared to be "bent" in late spermatids (Fig.  3D) . The bent acrosomal tip delineated from the cytoplasm (Fig. 3E ) and eventually straightened (Fig. 3E-G) .
Two patterns of tail development were also observed during spermiogenesis. Spermatids with a posteriorly oriented flagellum were typical (Figs. 2B; 3A,B) . However, in some early spermatids, the axoneme coiled just under the plasma membrane (Fig. 3H) . The late spermatids developed from this line of spermiogenesis possessed an anteriorly directed tail which remained adjoining the spermatid head (Fig. 3I) . Such an occurrence in spermatids was irrespective of the type of acrosomal development.
Sperm structure
The head length of the spermatozoan of P. viridis was 3.7 µm (Fig. 4A) . The barrel-shaped nucleus (1.3×1.4 µm, height and width) was filled with electron-dense chromatin ( Fig. 4A-C) . The acrosome morphology was similar in result in spite of the two lines of its development during spermiogenesis. The funnel-shaped acrosome (Fig. 4A ) was ca. 2 µm long and 1 µm wide at the base. The acrosomal cavity contained diffuse periacrosomal material and a striated actin axial rod (Fig. 4B ) which extended through the nuclear channel down to the partition (Fig. 4C) formed by adjoined nuclear membrane invaginations (nuclear channel, centriolar fossa) (Fig. 5G) . The two centrioles were perpendicular to each other (Fig. 4A,C) . The proximal centriole, with a pericentriolar element, located in the centriolar fossa (Fig. 4C ). The distal centriole had a pericentriolar complex consisting of nine radially oriented elements (Fig. 4D) . The distal centriole served as the basal body of the tail which had a typical arrangement of axonemal microtubules (9+2). The centriolar apparatus was surrounded by a ring of five round mitochondria (0.6 µm in diameter) (Fig. 4A,E) .
Two morphological types of sperm cell were found. The first type, which was more common, was characterized by a posteriorly directed tail (Fig. 4F) . The second type was characterized by an anteriorly directed tail adjoining the sperm head (Fig. 4G) . Apart from the orientation of sperm tail, the head morphology of these two types of sperm cell was similar. Fig. 5 The seuence of spermiogenesis regarding acrosomal development. A-F the "typical" pattern. A'-F' the second pattern. G Spermatozoon. a acrosome; av acrosomal vesicle; ar axial rod; dc distal centriole; m mitochondrion; mp nuclear membrane partitition in centriolar fossa; n nucleus; p pericentriolar complex of distal centriole; pc proximal centriole; pe pericentriolar element of proximal centriole; t tail
Discussion
Results of the present spermatogenesis study demonstrate that acrosomal development in Perna viridis begins with the production of proacrosomal vesicles in spermatogonia and spermatocytes. These findings are in agreement with reports on many bivalves studied (Longo and Dornfeld 1967; Reunov and Drozdov 1987; Eckelbarger et al. 1990; Reunov and Hodgson 1994) . Similar observations have also been reported in other marine invertebrates with primitive spermatozoa and external fertilization such as the sipunculids (Klepal 1993; Reunov and Rice 1993) , the priapulids , the echinoderms (Atwood 1974; Bickell et al. 1980; Yamashita 1983) , the nemertines (Reunov and Klepal 1997) and the brachiopods . In animals with modified sperm and internal fertilization, such as the oligochaetes (Ferraguti and Jamieson 1984; Hodgson and Jamieson 1992) , the barnacles (Azevedo and Corral 1982) , the gastropods (Amor and Durfort 1990) , and the vertebrates (Johnson 1995; Pudney 1995) , formation of acrosomal substance begins in spermatids. The reasons for the early arising of acrosomal material in the development of primitive sperms remain unclear. Yamashita (1983) and Yamashita and Iwata (1983) attempted to correlate this feature in echinoderms with the size of acrosome and the short duration of spermatogenesis. However, such a correlation was not found in the nemertines (Reunov and Klepal 1997) . In our opinion, the formation of proacrosomal vesicles before spermiogenesis could be considered a feature typical of primitive spermatozoa.
Spermatocytes of P. viridis are flagellated, and formation of flagellum in pre-spermiogenic cells occurs widely in bivalves and other invertebrates (Atwood 1974; Eckelbarger 1984; Paulus 1989; Hodgson and Reunov 1994) . Early formation of the flagellum in spermatogonia and/or spermatocytes does not appear to be functionally significant. The formation of the flagellum is probably a rudimental or plesiomorphic feature inherited by germ cells from ancestral flagellated cells Reunov and Klepal 1997) .
The interesting findings in the spermiogenesis of P. viridis are the dual patterns of acrosome development as well as flagellum development among spermatids in a single individual. The two lines of acrosome development during spermiogenesis are summarized diagrammatically in Fig. 5 . The first "typical" pattern ( Fig. 5A-F) we defined for P. viridis is similar to that reported for other bivalves (Reunov and Drozdov 1987; Reunov and Hodgson 1994) . A similar type of acrosome maturation has been observed during spermiogenesis of the priapulids , the brachiopods , the echinoderms (Atwood 1974) , the scorpions (Phillips 1976 ) and the insects (Wolf and Kyburg 1989) . The second pattern (Fig. 5A'-F') , with the acrosomal vesicle differentiating at the basal region of spermatid prior to migration, has been reported in the sipunculids (Reunov and Rice 1993) and polychaetes (Eckelbarger 1984) . Although both patterns of acrosome development have been reported in marine invertebrates, the coexistence of these two patterns has so far never been described in a single species. Nevertheless, only one morphological type of mature acrosome was formed in P. viridis from these two lines of acrosome development (Fig. 5G) .
On the other hand, the two lines of tail development in P. viridis during spermiogenesis resulted in the formation of sperm cell with either a typical posteriorly directed tail or an anteriorly directed tail originating from the distal centriole, which has not been described in bivalves or any other mollusks. A similar bent-tail sperm cell, however, has been reported in the sea urchin Anthocidaris crassispina, and this was claimed to be a late spermatid as the bent tail would gradually straighten upon maturity (Au et al. 1998) . A similar pattern of tail re-orientation may also be applied to P. viridis. Although retracted tail development has now been discovered in both urchin and mussel, the origin and significance of such development remain obscure.
The morphology of Perna viridis spermatozoa (Fig.  5G ) is similar to other Mytilus spp. sperms which are morphologically conservative (Niijima and Dan 1965; Longo and Dornfeld 1967; Hodgson and Bernard 1986 a, b; Reunov and Drozdov 1987) . Sperms with an elongated acrosome and an actin axial rod passing through the acrosomal cavity and the nuclear channel are typical of Mytilus spp. The striated appearance of the actin rod of P. viridis, similar to that of Mytilus edulis, is due to the presence of cross bridges between actin filaments (Tilney et al. 1987) . These actin filaments do not pass through the nuclear membrane partitions. Similar partitions have also been observed in spermatozoa of Mytilus coruscus and M. edulis (Reunov and Drozdov 1987; Tilney et al. 1987 ), but not in M. edulis from other localities (Niijima and Dan 1965; Longo and Dornfeld 1967; Hodgson and Bernard 1986 a,b) , M. galloprovincialis (Hodgson and Bernard 1986 a,b) and P. perna (Bernard and Hodgson 1985) .
In conclusion, the unique features in the spermatogenesis of the green-lipped mussel P. viridis, are attributed to the presence of a dual pattern of acrosome development as well as flagellum development during spermiogenesis in a single individual. This kind of sperm development is the first reported for any species of the Mytilidae. Even though the sample size used in this study was not large, the second line of acrosome development and the retracted flagellum development occurred in all the male P. viridis individuals studied. It is not certain whether such dual patterns of development occurred naturally in P. viridis, or whether these were the results of animal exposure to toxic environmental agents. Future work will be carried out to sample more P. viridis individuals from different localities of known water quality in Hong Kong, along the South China Sea and other subtropical and tropical coastal areas in order to study the percentage occurrence of each developmental pattern at the individual and population levels, and to relate such occurrences to the water quality of the localities.
